ABSTRACT. In this study, we evaluated the mutagenic and antimutagenic activities of carrageenan, a sulfated polysaccharide, and described its mode of action by using an Allium cepa assay. The results indicate that carrageenan is not mutagenic, rather it has significant chemopreventive potential that is mediated by both demutagenic and bio-antimutagenic activities. This compound can adsorb agents that are toxic to DNA and inactivate them. Additionally, carrageenan can modulate enzymes of the DNA repair system. The percentage of damage reduction ranged from 62.54 to 96.66%, reflecting the compound's high efficiency in preventing the type of mutagenic damage that may be associated with tumor development. Based on these findings and information available in the literature, we conclude that carrageenan is an important fiber that should be considered as a possible base for functional foods and/or diets with potential anticancer activity.
INTRODUCTION
Human beings are constantly exposed to potentially mutagenic substances that are characterized by their ability to chemically interact with DNA and cause genetic damage. Therefore, there is growing concern about increasing human exposure to chemical agents resulting from human activity because DNA damage can promote the development of both chronic and degenerative diseases (Antunes and Araújo, 2000; De Flora and Ferguson, 2005) .
Such diseases, particularly cancers, are initiated by DNA damage events that were not effectively repaired by the cellular enzymatic DNA repair system. Inefficient repair of DNA damage results in mutations. If such damage is poorly repaired in germ cells, the individual's offspring become susceptible to genetic diseases, whereas if repair errors occur in somatic cells, the damage might result in cancer (Obe et al., 2002) . Therefore, there is a growing need to develop preventive strategies involving substances with potential chemoprotective effects on genetic material (De Flora and Ferguson, 2005) .
Among the possible sources of chemopreventive agents, complex polysaccharides are considered especially promising because a series of studies showed them to be biologically active compounds (Saksena et al., 1999) with many health-promoting effects, including antithrombotic, anticoagulant, antimicrobial, antiviral (Mišurcová et al., 2012) , and antimutagenic/anticarcinogenic (Zong et al., 2012) activities.
Carrageenan is a high molecular weight, sulfated polysaccharide that is formed by alternating units of d-galactose and 3,6-anhydro-galactose linked by α(1-3) and β(1-4) glycosidic bonds (Yuan and Song, 2005) . These polysaccharides, which are found on the cell walls and intercellular matrix of tissues from algae in the phylum Rhodophyta, are divided into the following 6 basic forms according to the degree of sulfation: iota, kappa, lambda, mu, nu, and theta. The proportion of these different types varies according to the algal species, habitat, and time of collection (Khotimchenko, 2010) .
Because of its physical and chemical properties, carrageenan is used in the food industry as a thickening agent, gallant, and stabilizer (Santos et al., 2008) . Carrageenan was approved for human consumption by the Brazilian Health Surveillance Agency (ANVISA, 2010) under the resolution number 45 on November 3, 2010. Previous studies have shown that carrageenan can inhibit angiogenesis and metastasis (Parish et al., 1999) , act as an immune regulator (Matsubara et al., 2001) , and stimulate the activity of oxidizing enzymes (Haijin et al., 2003) .
Effects of carrageenan fiber on Allium cepa
This study aimed to evaluate the antimutagenic activity and mode of action of carrageenan fiber in cultured meristematic cells of Allium cepa, which is currently considered an important method for screening natural antimutagenic compounds (Fedel-Miyasato et al., 2014; Mauro et al., 2014) .
MATERIAL AND METHODS

DNA damage-inducing agent
The compound methyl methanesulfonate (MMS) was used at a concentration of 10 µg/mL to induce DNA damage (Mauro et al., 2014) . CSM-2-type carrageenan (Genuvisco  , CP Kelco, Chicago, IL, USA) was tested at concentrations of 5, 10, and 20 µg/mL. These concentrations were determined in pilot experiments. Both substances were diluted in distilled water to a final volume of 3 mL for culturing meristematic cells of Allium cepa.
Experimental design
Commercially available seeds of Allium cepa (Topseed ® ; Batch 026111) were used for this experiment. For germination, the seeds were placed on Petri dishes at room temperature, covered with filter paper, and soaked with 3 mL distilled water. The seeds were germinated for 48-72 h. After the appearance of rootlets, the seeds were cultured for 96 h under the following treatments and protocols to evaluate mutagenicity and antimutagenicity.
Mutagenicity protocols
I) Negative control: After the appearance of rootlets, seeds were cultured in distilled water for 96 h. II) Positive control (MMS): After the appearance of rootlets, seeds were cultured in distilled water for 48 h, transferred to dishes containing 3 mL aqueous 10 µg/mL MMS solution, and incubated for an additional 48 h. III) Carrageenan: After the appearance of rootlets, seeds were cultured in distilled water for 48 h, transferred to dishes containing 3 mL aqueous carrageenan solutions at 5, 10, and 20 µg/mL, and incubated for an additional 48 h.
Antimutagenicity protocols
IV) Pre-treatment: After the appearance of rootlets, seeds were cultured in carrageenan solution (3 mL) for 48 h, washed twice in distilled water, transferred to dishes containing 3 mL aqueous 10 µg/mL MMS solution, and incubated for 48 h. V) Single simultaneous: After the appearance of rootlets, seeds were cultured in distilled water for 48 h, transferred to dishes containing 3 mL distilled water, and then incubated in dishes containing 3 mL aqueous solution containing MMS (10 µg/mL) and carrageenan for 48 h. VI) Simultaneous with pre-incubation: After the appearance of rootlets, seeds were cultured in distilled water for 48 h, transferred to dishes containing 3 mL distilled water, and then incubated in dishes containing 3 mL aqueous solution (previously incubated in an oven for 1 h at 37°C) containing MMS (10 µg/mL) and carrageenan for 48 h. VII) Post-treatment: After the appearance of rootlets, seeds were cultured in 3 mL aqueous 10 µg/mL MMS solution for 48 h, washed twice in distilled water, transferred to dishes containing 3 mL aqueous carrageenan solution, and incubated for an additional 48 h. VIII) Continuous treatment: After the appearance of rootlets, seeds were cultured in carrageenan solution (3 mL) for 48 h, at which point 10 µg/mL MMS was added. For the final 48 h, the seeds were cultured in the presence of carrageenan and MMS.
All antimutagenicity protocols were repeated for the 3 tested concentrations of carrageenan (5, 10, and 20 µg/mL). All mutagenicity and antimutagenicity protocols were performed in duplicate.
Preparation of slides
Following the protocol of Mauro et al. (2014) , with some modifications, the roots were collected at noon and placed in a fixative solution (3:1 acetic acid:ethanol) for at least 6 h. The roots were then subjected to acid hydrolysis to expose the genetic material (1 N HCl for 6 min at 60°C). Immediately afterward, the DNA was stained with Schiff's reagent in the dark. The root tips were sectioned using a blade to extract the meristem. A drop of 2% acetic carmine was added to stain the cytoplasm, and the meristems were gently crushed. To prepare permanent slides, the coverslip was removed by dipping the entire slide in liquid nitrogen. A new coverslip was then mounted on the biological material using a synthetic resin (Permount  ).
Microscopic analysis, mitotic index (MI), percent reduction of mitotic index (%RMI), percent reduction of damage (%RD), and statistical analysis
Ten thousand cells were analyzed per treatment using a light field microscope at 40X magnification. The MI was obtained by dividing the number of dividing cells (prophase, metaphase, anaphase, and telophase) by the total number of cells analyzed.
The %RMI was calculated as suggested by Fiskesjö (1993) :
The %RD was obtained using the following equation suggested by Waters et al. (1990) :
Statistical analyses were performed with the chi-squared test, and the level of significance was set at P < 0.0003. Table 1 shows the data from the chromosomal aberration assay in Allium cepa. Statistical analyses revealed that carrageenan is not mutagenic. In contrast, the antimutagenic tests revealed that carrageenan had chemopreventive activity at all concentrations that were tested.
RESULTS
The pre-treatment protocol yielded %RDs of 77.34, 66.76, and 64.35% for carrageenan concentrations of 5, 10, and 20 µg/mL, respectively. The same concentrations yielded %RDs of 84.59, 79.56, and 89.73% in the single simultaneous treatment protocol. The simultaneous with pre-incubation protocol yielded %RDs of 86.40, 90.63, and 88.22%. The posttreatment and continuous treatment yielded %RDs of 81.57, 84.59, and 86.81% and 96.68, 84.89, and 62 .54% for carrageenan concentrations of 5, 10, and 20 µg/mL, respectively.
The MI analysis showed that 10 µg/mL carrageenan significantly reduced the number of dividing cells, with a %RMI of 6.28%. The concentrations of 5 and 20 µg/mL, in contrast, significantly increased the MI relative to the negative control.
An analysis of the antimutagenic protocols revealed that a carrageenan concentration of 5 µg/mL reduced the MI by 17.33% in the pre-treatment protocol. The 10 and 20 µg/mL concentrations reduced the MI by 17.95 and 0.09%, respectively, in the simultaneous treatment with the pre-incubation protocol. The %RMI was 32.63% with 5 µg/mL carrageenan in the continuous treatment protocol. In the post-treatment protocol, the concentrations of 10 and 20 µg/mL carrageenan significantly increased the MI by 2.12 and 7.07%, respectively.
The following chromosomal aberrations were observed: micronuclei, shoots, anaphase and telophase bridges, delays, breaks, losses, and binucleation. The most common change was micronuclei, whereas binucleated cells were observed the least frequently. 
DISCUSSION
Biological assays such as the Allium cepa test are efficient for evaluating and describing the mode of antimutagenic action of natural products (Fedel-Miyasato et al., 2014; Mauro et al., 2014) . The Allium cepa assay has been increasingly used to screen antimutagenic and suspected anticancer substances, as these events are related. This claim is supported by studies offering sufficient information to indicate that cancer can be induced by mutational events (Vogel, 1982) .
The literature shows that diet can act as an important factor in preventing the emergence of mutations by acting directly on xenobiotics that can alter genetic material (el Hamss and Idaomar, 2002) and modulate DNA repair enzymes. Demutagenic and bio-antimutagenic actions can be inferred from the aforementioned events, respectively, and have been linked to fibers such as β-glucan (Oliveira et al., 2006 (Oliveira et al., , 2007 (Oliveira et al., , 2013 , inulin (Mauro et al., , 2014 , wheat , and insoluble fibers from carrot, broccoli, and spinach (Lee et al., 1995) .
Carrageenan is an important food additive that is approved for human consumption by regulatory agencies (ANVISA, 2010). It has been reported to inhibit the proliferation of HeLa cells despite having low cytotoxicity (Chen et al., 2011) . Additionally, carrageenan can block angiogenesis and metastasis and is an immune regulator that is capable of stimulating oxidizing enzymes (Parish et al., 1999; Matsubara et al., 2001; Haijin et al., 2003; Chen et al., 2011) . Other studies indicate that compounds similar to the one tested, such as kappa-type carrageenan, do not cause histopathological changes in the gastrointestinal tracts of mice, even when supplemented for up to 90 days (Weiner et al., 2007) . A lack of adverse effects was also reported in humans who consumed a diet rich in carrageenan (European Commission, 2003) . Given these findings, it is necessary to confirm the antimutagenic activity of this compound and describe its mode of action so that it can be used in a directed manner in the formulation of functional foods.
The results of this showed that carrageenan is not mutagenic. This finding agrees with that from the study by Watanabe et al. (1978) , who also found no evidence of mutagenic activity from carrageenan supplementation and no correlation with the emergence of colon cancer when this fiber was administered alone. Such results highlight the need to understand the antimutagenic mode of action of this fiber and to test the possibility of its use as a chemopreventive supplement, because it is a low-cost product that can be easily integrated in the diet. Kada (1981) identified 2 modes by which a substance can act to prevent and/or repair mutagenic damage: demutagenicity and bio-antimutagenicity. Compounds with a demutagenic mode of action act mainly by adsorbing agents that can cause DNA damage; this action is predominantly extracellular. Compounds with bio-antimutagenic activity act inside cells and can modulate DNA repair enzymes (De Flora, 1998) . Thus, the following 4 experimental protocols were proposed to clarify the antimutagenic mode of action of carrageenan (Mauro et al., 2014) : pre-treatment, single simultaneous, simultaneous with pre-incubation, and posttreatment. Additionally, we developed a continuous treatment that combines the pre-treatment and simultaneous treatment protocols.
In this study, the %RDs for the various concentrations and protocols tested were similar, ranging from 62.54% at the highest dose in the continuous protocol to 96.66% at the lowest dose in the same treatment protocol. A dose-response correlation was only observed for the post-treatment protocol, where the %RDs were 81.57, 84.59, and 85.71% for carrageenan doses of 5, 10, and 20 µg/mL, respectively. Despite this dose-response correlation, a general analysis of the results does not support the use of higher doses to more effectively achieve the desired antimutagenic effect.
In terms of antimutagenic effects, the simultaneous treatment with pre-incubation indicates demutagenic activity because the compounds were pre-incubated for 1 h, allowing the mutagenic compound and suspected chemopreventive agent to interact. In this scenario, the former is inactivated by the latter, leading to lower levels of DNA damage. Here, it could be assumed that the action occurs mainly in the extracellular environment. However, inactivation could also occur to a lesser degree if both compounds were intracellular.
Potential bio-antimutagenic activity can be evaluated by post-treatment protocols, where the cultured cells are first exposed to the mutagen and are subsequently (48 h later in this study) exposed to the suspected chemopreventive agent. In this scenario, any protective effect can be attributed to the capacity of the chemopreventive compound to modulate the activity of DNA repair enzymes because the mutagenic damage would have already occurred during the earlier exposure to the mutagen. Here, the bio-antimutagenic activity occurs inside the cell and depends on DNA repair enzymes. These claims were tested in studies by Filipic et al. (2002) ; Oliveira et al. (2006 Oliveira et al. ( , 2007 ; Mauro et al. (2013); . In this study, the %RDs for the simultaneous with pre-incubation protocol ranged from 86.40 to 90.63%; in the post-treatment protocol, they ranged from 81.57 to 85.71%. Thus, we conclude that carrageenan is capable of both modes of action and that neither mode seems to predominate because the values were similar.
The pre-treatment and single simultaneous treatment protocols do not distinguish between modes of action, but they are important for evaluating chemopreventive activity. The pre-treatment protocol involves exposing cultured cells first to the chemopreventive agent and then to the mutagenic compound. In this case, it is believed that the chemopreventive compound first enters the cell, persists in the intracellular space, and possibly modulates DNA repair enzymes. When the mutagenic agent reaches the intracellular space, it can be directly inactivated by the chemopreventive agent. If the mutagen causes damage to the genetic material, it can be repaired immediately by previously modulated enzymes. Thus, both demutagenic and bio-antimutagenic actions can be detected in the same protocol; however, it is assumed that the latter occurs to a greater degree. In the single simultaneous protocol, where both compounds enter the cells simultaneously, it is assumed that they can inactivate each other or perform different actions. In other words, while the mutagen causes DNA damage, the chemopreventive agent modulates the repair enzymes. In the end, both actions culminate in the prevention/correction of mutagenic damage. Again, both modes of action can be observed in this protocol (Kuroda et al., 2001; Oliveira et al., 2007; Malini et al., 2010; Mauro et al., 2013; Pesarini et al., 2013) . In this study, the %RDs for pre-treatment ranged from 64.35 to 77.34%; for the single simultaneous treatment, they ranged from 79.76 to 89.73%. These findings suggest good efficiency for both proposed modes of action.
The continuous treatment tested whether increasing the exposure time to the chemopreventive agent resulted in greater prevention of mutagenic damage. The observed %RDs, which ranged from 62.54 to 96.66%, did not suggest the need to extend treatment because similar percentages were obtained in other protocols.
The literature states that a greater than 50% reduction in mitotic index is required for a substance to be considered toxic and that reductions up to 36%, relative to a control group, can be considered normal (Fiskesjö, 1993) . Reductions above 36% indicate strong mutagenic activity because DNA damage can cause delays in the cell cycle.
The antimutagenicity protocols showed an increase in the cell division rate for the post-treatment protocol with carrageenan concentrations of 10 and 20 µg/mL. These values are still lower than those reported for treatment with carrageenan alone. The remaining treatments yielded values below 36%, indicating a lack of cell cycle delays related to severe DNA damage. Only the 5 µg/mL dose yielded a %RMI near 36% (32.63%). Because this was an isolated effect, it is not associated with toxicity. Oliveira et al., 2006 Oliveira et al., , 2007 reported the antimutagenic mode of action of β-glucan in mammalian cell culture. According to these authors, regardless of the polysaccharide source (barley or Saccharomyces cerevisiae), β-glucan can act by both demutagenesis and bio-antimutagenesis; however, the latter is less effective. The protocols used by those authors were modified by Mauro et al. (2014) to evaluate the mode of action of another fiber, inulin, which was previously systematically described as an anticancer agent. In that study, the authors demonstrated that inulin was also an important antimutagenic agent that can act by both demutagenesis and bio-antimutagenesis. That study also supports the use of the Allium cepa assay to describe the mode of action of natural products. Thus, using this assay to screen for the antimutagenic action of carrageenan opens new lines of research on this fiber as a potential antimutagenic and anticancer agent in animal models and its possible inclusion in chemopreventive diets. The Joint FAO/WHO Expert Committee on Food Additives (JECFA, 2002) indicated that consuming carrageenan as a nutritional supplement is safe and that there are no restrictions on its use. However, a study by Weiner et al. (2007) reported a recommended intake in Europe of up to 75 mg/kg. That study stressed the lack of toxicity in in vivo mediumterm trials. Additionally, a study by Yuan and Song (2005) reported the anti-angiogenic and antioxidant activities of carrageenan.
If carrageenan is viewed as an antioxidant agent, then the following 3 modes of action can be assumed: I) ability to protect cells or organisms against the formation of aggressive substances derived from reactive oxygen species; II) ability to intercept free radicals, which immediately initiate DNA oxidation upon formation, causing damage that can lead to mutations (Santos and Cruz, 2001 ) (a demutagenic activity of carrageenan would be assumed in this case); and III) participation in the cellular response to situations where prevention and interception are ineffective and byproducts of free radical activity are continuously formed at low levels and accumulate in the body. Here, there is a need for detoxifying enzymes to transport the accumulated byproducts for excretion and for antioxidants to modulate the DNA repair system of cells under attack.
Under these possible forms of action, there are reports that antioxidants, even when present at low concentrations, can slow or inhibit oxidation rates (Sies, 1993) . The most commonly used classification for such substances divides them into 2 systems: enzymatic, consisting of enzymes produced in the body, and non-enzymatic, consisting of vitamins, flavonoids, lycopene, and bilirubin (Sies, 1993) . Carrageenan may fit in the latter group.
Sulfated polysaccharides, such as carrageenan, are organic compounds that derive their antioxidant activity from their ability to activate detoxifying enzymes present in the liver (Moraes and Colla, 2006) . The tripeptide glutathione, especially in the reduced form, is present in most cells and is the most abundant thiol (-SH) in the intracellular space. Glutathione's reduction ability is associated with the -SH group present on cysteine. Glutathione is known to be a substrate for glutathione transferases and glutathione peroxidases, which are enzymes that catalyze detoxification reactions for xenobiotic compounds and antioxidant reactions for reactive oxygen species and free radicals (Bray and Taylor, 1993) . The concentration of glu-
